Intelligibility of conversationally produced speech for normal hearing listeners was studied for three male and three female talkers. Four typical listening environments were used. These simulated a quiet living room, a classroom, and social events in two settings with different reverberation characteristics. For each talker, overall intelligibility and intelligibility for vowels, consonant voicing, consonant continuance, and consonant place were quantified using the speech pattern contrast (SPAC) test. Results indicated that significant intelligibility differences are observed among normal talkers even in listening environments that permit essentially full intelligibility for everyday conversations. On the whole, talkers maintained their relative intelligibility across the four environments, although there was one exception which suggested that some voices may be particularly susceptible to degradation due to reverberation.
INTRODUCTION
People obtain hearing aids principally to improve their understanding of speech in everyday listening situations (Bareham and Stephens, 1980; Hagerman and Gabrielsson, 1984 ). Therefore, a major objective in hearing aid selection is to choose an instrument that will result in the greatest possible improvement in speech comprehension. To this end, the results of tests assessing speech recognition with each of several hearing aids often determine which instrument is ultimately recommended.
It has been amply demonstrated that the intelligibility of speech test material is fundamentally dependent upon the talker (e.g., Palmer, 1955; Weinhouse and Miller, 1963; Williams and Hecker, 1968; Kruel etal., 1969; Hood and Poole, 1980) . It has also been shown that the intelligibility of speech produced by a particular talker is significantly affected by instructions to speak in a normal/conversational manner versus a precise/clear manner (Tolhurst, 1957; Picheny et al., 1985) . Furthermore, Witter and Goldstein (1971) and Cox and McDaniel (1984) reported that the intelligibility of hearing-aid-processed speech interacted with talker with the result that the hearing aid identified as producing the most intelligible speech differed for different talkers.
Taken together, these reports lead to the conclusion that when a speech intelligibility test is used to determine either (a) which of several hearing aids provides the most improvement in speech understanding, or (b) the absolute amount of improvement provided bY a particular instrument, the outcome will depend partly on the characteristics of the talker used to record the test materials and on the manner in which the materials are generated (conversational or clear). It is perhaps surprising that relatively little investigative attention has been paid to the issues involved in selection of talkers for speech intelligibility tests.
When a new intelligibility test is reported, the talker is typically described as lacking a pronounced regional accent: There are no other criteria commonly applied in talker selection. However, if the test results are used to predict heating aid benefit for understanding everyday speech, it would appear, from the studies cited above, that care Should be taken to assure that the talker's speech is average in intelligibility and that the speech itself is delivered in a conversational/ normal manner when the test materials are recorded.
A review of the literature failed to reveal any investigations that provided analytic data describing the intelligibility, for normal heating listeners, of normal talkers producing conversational speech in everyday listening settings. Hence, the present study was undertaken in an attempt to generate these data. The ultimate purpose in developing a description of the intelligibility of normal talkers was to provide a basis for selecting a talker of average intelligibility. In future work the chosen talker will produce speech materials for a speech intelligibility test to be used to quantify hearing aid benefit. This ultimate goal influenced some of the decisions made in designing the present study.
The research questions were:
(1) Are there significant intelligibility differences among normal talkers when all are producing conversational speech in typical listening environments? (2) Is there an interaction between talker intelligibility and listening environment? In other words, if a given talker is highly intelligible in a quiet living room, will that talker also be highly intelligible in other types of settings (e.g., in a classroom setting) ? (3) How intelligible are the phonetic features of normal conversational speech for normal hearers in typical listening settings? (4) Is there an interaction between talker intelligibility and particular speech features? In other words, if a given talker obtains a relatively low score for intelligibility of one speech feature (e.g., final consonant voicing), will that talker also display relatively low intelligibility for all other speech features?
I. METHOD
A. Talkers
Three male and three female talkers were studied. They were chosen to satisfy the following criteria: (a) absence of unusual or atypical speech characteristics, (b) no pronounced regional dialect, and (c) ability to read prepared material in a manner similar to their spontaneous speech.
Each talker's long-term rms 1/3-oct-band speech spectrum is shown in Fig. 1 . For each talker, a l-rain sample of continuous speech was analyzed to generate these spectra (Hewlett-Packard signal analyzer, model 3561A). The spectra have been normalized for overall level. In addition, each talker's articulation rate for the test sentences (syllables/s) is given in Fig. 1 . These data were obtained using a digital spectrograph (Voice Identification, Inc., model RT1000). Each sentence was spectrographically displayed and the length of the sentence was determined from the beginning of the first syllable to the end of the last syllable. The articulation rate was computed as the average across 12 sentences. The range of 3.3-3.7 syllables/s is very similar to the range of 3.0-3.9 syllables/s reported by Picheny et al. (1986) for similar conversationally produced speech material.
B. Test stimuli
Talker intelligibility was quantified using the four segmental subtests of the speech pattern contrast (SPAC) test (Boothroyd, 1985a) . This test yields the following contrast scores: (I) vowel height (high/low); (2) vowel place (front/back); (3) initial consonant voicing (voiced/voiceless); (4) final consonant voicing (voiced/voiceless); (5) initial consonant continuance (stop/continuant); (6) final consonant continuance (stop/continuant); (7) initial consonant place (more labial/more velar); and ( 8 ) final consonant place (more labial/more velar). In addition, the average of all eight contrast scores (the composite score) may be obtained. Boothroyd (1985b) place, one test word is "did" and the four alternatives include "did," "big," "bid," and "dig." A response of"did" is scored correct for both contrasts, the response "bid" is correct for final consonant place only, the response "dig" is correct for initial consonant place only, and the response "big" is incorrect for both contrasts. Thus, in a single form, each contrast score is based on 12 utterances. A complete list of the stimulus items is given in Boothroyd (1985b rms difference between the ANSI idealized speech spectrum and the multitalker babble spectrum used in this study was 2.9 dB.
C. Listening environments
Four basic listening environments were defined for evaluation. Both theoretical considerations and the data reported by. Walden et aL (1984) For this talker combination, EH was rerecorded in environment A, FH was used in environment B, GF was used in environment C1, and EF was used in environment C2. Different combinations of two forms were used in the reduced intelligibility conditions, described below; all forms were used an equal number of times overall.
The recordings of the six talkers were presented at an equal integrated rms level. To adjust the SPAC items appropriately for each environment, the recording for talker • 1 was adjusted to achieve the primary message level (in dB L• ) for that environment. The remaining talkers were presented at the same overall level as talker # 1. Hence, the spectra shown in Fig. 1 accurately portray the relative levels of the various talkers in the environmental recordings.
The two SPAC forms recorded for each talker in each basic listening environment will be referred to as "typical intelligibility" conditions because they were adjusted to S/B ratio values that are maintained by normal talkers and listeners to yield essentially full intelligibility for conversations in these environments (according to the data of Pearsons etal., 1977) . In addition, the remaining two SPAC forms for each talker were recorded in the same settings but with the background noise level increased sufficiently to reduce all contrast scores to less than 100%. The amount of increase in background noise necessary to achieve this differed across the four environments and was selected empirically in each environment. In environments A, B, C1, and C2, the babble was increased 10, 10, 7, and 3 dB, respectively. These four conditions will be referred to as "reduced intelligibility" conditions. The inclusion of these conditions was necessary because it was anticipated that some speech features, notably vowel height, vowel place, and consonant voicing, would be completely intelligible in the typical intelligibility conditions in some environments. The reduced intelligibility conditions were employed in an attempt to decrease the ceiling effect for these highly intelligible speech features and, therefore, provide more information about differences among talkers.
In summary, for each talker, two forms of the SPAC subtests were recorded in each of the four environments with S/B ratio adjusted for typical intelligibility. In addition, two different forms of the SPAC subtests were recorded in each environment with the S/B ratio adjusted for reduced intelligibility.
E. Subjects
Four groups often subjects responded to the test recordings---one group for each environment. All subjects were young adults who passed a hearing screening (250-8000 Hz) at 15 dB HL. Some subjects served in more than one group.
F. Procedure
The environmental recordings were replayed monaurally to subjects (Tascam 122 audiocassette player) with the output transduced by an insert earphone (Etymotic Research, model ER-2) coupled to the ear canal using a compressible foam earplug. The spectrum and level of the signal delivered to the average subject were equal to those that would have occurred if the subject had been actually located in the environment where the recording was made. Calibration of the playback levels was achieved with the ER-2 earphone attached to a Zwislocki-type ear simulator coupled to a sound level meter (Larson.Davis 800B). The levels were adjusted to be equal to those at the manikin's eardrum in the original environment. The frequency response of the record/ playback system (from the manikin's eardrum to the average subject's eardrum) was fiat, ñ 2 dB, from 100 Hz to at least 11 kHz.
Delivery and scoring of the test items were controlled by an Apple IIe microcomputer system. For a given environment, each subject responded to all conditions, thus auditing 24 SPAC forms (6 talkers X 2 S/B ratios X 2 forms). Presentation of typical and reduced intelligibility conditions was randomized. The two forms for a given condition were treated as a single test and were presented consecutively.
Scores for the two forms were combined so that all contrast scores for a given talker were based on responses to 24 utterances by that talker.
II. RESULTS
The obtained data were proportions of correct responses for each 24-item subtest (two 12-item forms combined). These proportions were arcsin transformed before statistical analyses. For descriptive purposes, the data were corrected for guessing as described by Boothroyd (1985b) and expressed in a form similar to percentages. Thus a score of 0% signifies performance at chance level (negative corrected scores occur when performance is poorer than chance level) and a score of 100% represents perfect intelligibility.
A. Intertalker differences in overall intelligibility
In each environment, each talker's overall intelligibility for both typical and reduced intelligibility conditions was quantified using the SPAC composite score. These data were subjected to a three-factor analysis of variance, split-plot design (4environments X 6 talkers X 2 S/B ratios). All main effects and interactions were significant (p < 0.02). Tests of simple simple main effects were performed to examine (a) intertalker differences within each S/B ratio condition and (b) talker-environment interactions. Figure 3 shows the average composite score for each talker in the typical intelligibility condition in each environment. Although it is not obvious by examining the averaged scores, individual contrast scores of 100% were not uncommon in the typical intelligibility listening conditions, particularly for the more intelligible talkers. This would be expected to reduce the composite score differences among talkers. Nevertheless, tests of simple simple main effects for these data revealed that talker #4 was significantly more intelligible than talkers # 1 and #5 in all environments and talker #2 was significantly more intelligible than talkers # 1 and # 5 in all environments except B (p < 0.05). Talkers # 3 and # 6 were not consistently differentiated from either the high-intelligibility talkers (#2 and •4) or the low-intelligibility talkers ( # 1 and # 5). Figure 4 shows the mean composite score for each talker in the reduced intelligibility condition in each environment. The important feature of this figure is the difference between talkers within each environment. (It should be remembered that the S/B ratios were decreased by different amounts in the four environments to achieve the reduced intelligibility conditions. Hence, no significance should be attached to the relationships between environments in Fig. 4.) Comparison with Fig. 3 suggests that, as expected, the differences between talkers were usually greater in the reduced intelligibility conditions. However, tests of simple simple main effects exploring intertalker differences in the reduced intelligibility conditions produced an outcome identical to that for the typical intelligibility conditions: Talker #4 was significantly more intelligible than talkers # 1 and # 5 in all environments, and talker #2 was significantly more intelligible than talkers # 1 and #5 in all environments .except B (p < 0.05). Again, talkers #3 and #6 were not consistently differentiated from either the high-intelligibility talkers ( :• 2 and #4) or the low-intelligibility talkers (:• 1 and -•5).
B. Talker-environment interactions
The data shown in Figs. 3 and 4 indicate that the most intelligible talker overall (#4) was highly intelligible in all environments and under both typical and reduced intelligibility conditions. Similarly, the least intelligible talkers ( :• 1 and #5) maintained their low intelligibility in all conditions. To further explore the ordering of talker intelligibility in the different environments, Pearson product-moment correlation coefficients were determined for each pair of en- vironments using the composite scores for each talker in the reduced intelligibility conditions. The results are given in Figure 5 shows the mean score obtained for each phonetic contrast in each typical listening environment. Results for all talkers are averaged in this figure. Even though the typical listening conditions employed primary and competing message levels that provide essentially full intelligibility for conversations for normal listeners, it is evident from Fig.  5 that not all phonetic features were fully intelligible. Also, features that were relatively less intelligible in one environment tended to be less intelligible in the other environments as well. These data were subjected to repeated measures analysis of variance (contrasts X environments). All main effects and interactions we, re statistically significant (p < 0.01 ). Post hoc testing was performed to explore intelligibility differences among the eight phonetic features in each environment. These analyses revealed that initial consonant continuance (ice) and final consonant place (fcp) were significantly less intelligible than vowel height and place (vht and vpl), and final consonant continuance (fee) in all environments (p < 0.01 ). Initial and final consonant voicing (icy and fcv) and initial consonant place (icp) were not consistently differentiated from the other contrasts. In environments A, C 1, and C2, the range of mean intelligibility scores for individual features never exceeded 10% and was usually less than 5%. Post hoc testing revealed that the mean scores obtained in these three environments were not significantly different for any contrast (p > 0.05). This outcome confirms the a priori supposition that these environments were about equally intelligible.
D. Talker-feature interactions in typical listening environments
To examine interactions between talkers and feature intelligibility, the mean intelligibility score for each phonetic contrast was determined for each talker in each typical listening environment. These data are shown in Fig. 6 . For each environment, the contrast scores were subjected to repeated measures analysis of variance (contrasts X talkers). All main effects and interactions were significant (p < 0.01 ). Tests of simple main effects were performed to explore the differences among talkers for each contrast. Because of the large number of post hoc tests, a significance level ofp < 0.01 was adopted.
Examination of the four panels of Fig. 6 reveals that the overall pattern in each environment was consistent across talkers: All talkers displayed relatively high intelligibility for vowel height and vowel place and relatively poor intelligibility for final consonant place and initial consonant continu: ance. At a more microscopic level, however, numerous significant differences among talkers emerged. In all environments, at least five of the eight contrasts significantly differentiated among the talkers. In Fig. 6 , the contrasts ttiat did not differentiate among talkers are denoted with a filled (fee) were invariably among the highest. These observations support the conclusion that interactions between talkers and feature intelligibility are frequently seen in normal conversational speech produced in typical listening environments. As discussed earlier, the data shown in Fig. 4 illustrate that talkers generally maintained their relative overall (composite) intelligibility across environments. The data shown in Fig. 6 (and Table BI ) provide an opportunity to assess the extent to which the talkers' relative intelligibility for individual phonetic contrasts was maintained across environments. Examination of these data indicates that talkers who scored in the most intelligible group for a particular contrast in one environment tended to appear in the most intelligible group for that same contrast in the other environments where that contrast differentiated significantly among talkers. Similarly, talkers scoring in the least intelligible group for a particular contrast tended to maintain relatively low intelligibility for that contrast across all environments.
There were, however, a few occasions when a talker who scored in the lowest intelligibility group for a particular contrast in one environment also scored in the highest intelligibility group for that same contrast in another environment.
III. DISCUSSION
Although it has been well established that talkers differ in the intelligibility of their speech, previous work has tended to concentrate on intelligibility differences for normal hearers listening to faint, masked, or distorted monosyllabic word lists. It would be reasonable to postulate that these intertalker differences would not be seen in typical listening situations where conversations are fully intelligible for normally hearing persons. However, the results of this investigation clearly indicate that intelligibility differences among normal talkers do persist in typical listening settings and for conversationally produced speech (Fig. 3) . This outcome indicates that the talker for a test of everyday speech understanding should be carefully selected to produce speech having average intelligibility. Figure 3 shows that overall intelligibility of speech contrasts was better than 75% for all talkers in environments A, C1, and C2, but was considerably poorer than this in environment B. Because the listening conditions were intentionally specified at S/B ratios that are reported to allow essentially complete intelligibility for everyday conversations, it was expected that overall intelligibility scores would be high. The relatively poor intelligibility performance in environment B was not anticipated. This environment, the simulated classroom, was fundamentally different from the other three environments in that the listener was separated from the talker by more than the critical distance [estimated as 3.7 m using the formula described by Peutz ( 1971 ) 
